To clarify the trigger mechanisms of bacterial germination, the initial swelling of spores under various pH conditions was followed by measuring the spore volume for 1 hour by means of the Coulter Counter method.
Effects of pH and L-Alanine on the
To clarify the trigger mechanisms of bacterial germination, the initial swelling of spores under various pH conditions was followed by measuring the spore volume for 1 hour by means of the Coulter Counter method.
Rapid swelling during germination was observed in the spores which were pretreated with L-alanine for 10 min under a pH condition between 5 and 9. This rapid spore swelling under conditions in which spores were triggered to germinate within 10 min in the presence of L-alanine was inbibited by D-alanine. This inhibition was less when the spores were pretreated in a weak acidic condition than that under neutral or alkaline conditions. These results indicate that spores are committed to germinaing with L-alanine at pH 5 or pH 6 and that this commitment is not greatly inhibited by D-alanine.
Spores were pretreated at pH 5 and 6 for 0 to 10 min and then incubated with L-alanine under the same pH condition for a resting period (total 10 min) before D-alanine was added. The best spore swelling conditions at pH 5 and 6 were 2 min acid treatment plus 8 min incubation with L-alanine and 4 min acid treatment plus 6 min incubation with L-alanine, respectively.
It is generally said that bacterial spores are triggered to germinate within a few minutes of the addition of a specific germinant, which ir reversibly commits the spore to lose its dormant properties.1) This commitment to germinate can be observed after short exposure to a germinant such as L-alanine and can be rapidly arrested with D isomer, a potent inhibitor of L-alanine.2,3) After a brief period of exposure to the germinant, the spore is committed to germinating, even if the germinant is removed or D-alanine is added. Spore commitment to germination is therefore a measure of the first irreversible reaction of the trigger mechanism and must precede subsequent germina tion changes that involve calcium dipicolinic acid loss,4) optical density (O. D.) decrease, and the initiation of metabolism.5) There are several theories relating to possible biochemical mech -anisms of the trigger reaction, 8) Germination Experiment II As shown in Fig. 2 , after spores had been heat activated as described in germination experiment 1, spores were incubated in the germination me dium without L-alanine adjusted to various pH (5, 6, 7, 8 , and 9, respectively) for different periods (0 to 10 min) (preincubation), after which L-al anine was added to the medium and they were incubated for further residual periods (10 to 0 min) (first incubation).
Thus, the total incubation period combining preincubation and first incu bation was 10 min. After the first incubation, 10 mM D-alanine was added to the first incubation medium to stop the commitment to germination induced by L-alanine, and the pH of the medium was adjusted to 7, then incubated further (second incubation) for 60 min. After every 10 min of incubation a small quantity of the spore mixture was pipetted and applied to the Coulter Counter method and O. D. measurement.
Measurement of Spore Size by the Coulter Counter Method
Spore size was assayed with a Coulter Plotter model p-64 (64 channel particle size distribution analyzer) with a 30 micron aperture. Data were analyzed as described in the previous paper.11 ) The swelling rate of germinating spores was calcu lated as the increase in spore volume compared to the initial value.
Measurement of Optical Density Germination, as judged by the decrease in O. D. at 640 nm, was measured by a Hitachi Spectrophotometer Model 101. 
Results and Discussion
In the first germination experiment, D-alanine was added to the medium after spores had been incubated in media containing L-alanine at various pH values (pH 5, 6, 7, 8, and 9) for various periods (2, 6, and 10 min, respectively)(first incubation), after which the spores were incubated further at pH 7 (second incubation).
The longer the first incubation time at the pH range tested, the larger the volume increase in the second incubation (Fig.  3) .12) When L-alanine was not added in the germination medium, D-alanine completely in hibited spore germination under any pH con dition. The spores which had been incubated at pH 8 and 9 in the first incubation media swelled more than those incubated at pH 5, 6, and 7. However, this swelling was inhibited by the sub sequent addition of D-alanine.
An obvious second voume increase corresponding to out growth was observed when spores were incubated with L-alanine at pH 5, 6, and 7, respectively, followed by incubation with D-alanine at pH 7. Such a second volume increase was not observed in spores which had been incubated with Lalanine at pH 8 and 9 in the first incubation and then incubated with D-alanine. These data show that the commitment to germination after a short exposure to L-alanine under a basic pH condition can be arrested with D isomer, and that, on the other hand, after a brief exposure to germinant in the weak acidic condition, spores are committed to germinating to outgrowth, even if a germination inhibitor such as D-alanine is added.
At the same time as volumetric measurement was carried out, the decrease in O. D. during germination was followed. Decreases in O. D. and increases in spore volume during germination corresponded well (Fig. 4) . Biphasic O. D. de crease pararelled with increases in volume were observed in spores which had been incubated in weak acidic pH, i. e. pH 5 and 6.
In the next experiment, spores were pretreated at pH 5 or 6 for different periods (0 to 10 min) (preincubation) and were then further incubated with L-alanine for remaining periods (10 to 0 min) (first incubation). After the first incubation 10 m M D-alanine was added to the germination me dium and the pH of the medium was adjusted to 7 while spores were further incubated (second incubation) as described above. The results in dicated that the longer the incubation with Lalanine, the larger the increase in spore volume, and also that the lower the pH, the higher the increase in spore volume. The maximum in creases of spore volume with pH 5 and 6 were at 8 and 6 min incubation with L-alanine, respectively (Fig. 5) . The best conditions for decreasing the O. D. of spores were the same as those for increasing the spore volume. These results showed that the best spore swelling conditions at pH 5 and 6 were 2 min acid treatment plus 8 min incubation with L-alanine, and 4 min acid treatment plus 6 min incubation with L-alanine, respectively. These conditions were enough to loosen the spore surface structure which was able to penetrate or accept the germinant such as L-alanine, thus weak acidic conditions and germinants have a complementary effect on the bacterial spore germination.
The experiments described above were designed to probe the short period between the triggering and the onset of general metabolism during ger mination.
By using volumetric analysis it is possible to detect the crucial period which precedes detectable changes in the spores, including, in approximate temporal order, loss of heat resistance, K+ and Zn2+ fluxes, release of Ca2+ and dipicolinic acid from the core, hydrolysis of cortex peptidoglycan, rehydration of the core protoplast, and the resumption of metabolic activity. It has been suggested that germination could be inhibited at three points:(1) inhibition of binding between germinant and trigger site;(2) inhibition of formation of an activated complex of germinant and trigger substance; (3) inhibition of the con necting reaction leading to an increase in spore volume and loss of refractility.
Although it has been generally said that acidic conditions, i. e. less than pH 4.5 inhibit binding of the germinant with the trigger site,13,14) our results show that in the spores of B. subtilis triggering occurs in weak acidic conditions and that spores thus trig gered are fully capable of completing the germi nation sequence once the pH is neutralized. Similar results were obtained in B. licheniformis,3) B. megateriuml), and Clostridium botulinum.14) Recently, Morin et a1.15) also reported that trig gering in unactivated spores of B. megaterium 14581 could occur at a pH value below which the germination sequence could be completely ar rested (pH 3.6). It is assumed, as Keynan et al. reported,16 ) that the weak acidic condition imitates heat activation and that heat or weak acidic con ditions change the tertiary structure of a protein such as the spore coat protein17) responsible for the maintenance of a dormant state. When the pH value of the spore suspension is lower than the isoelectric point of the spore coat protein , water molecules penetrate the spore coat rapidly to reach the spore core. 18) Such partial denatu ration of the spore coat protein will introduce the penetration of L-alanine to the trigger sites.
